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Abstract	 Theory and experiment both demonstrate that an entangled quantum 
state of two subsystems is neither a superposition of states of its subsystems nor a 
superposition of composite states but rather a coherent superposition of nonlocal 
correlations between incoherently mixed local states of the two subsystems.   Thus, 
even if one subsystem happens to be macroscopic as in the entangled 
"Schrodinger's cat" state resulting from an ideal measurement, this state is not the 
paradoxical macroscopic superposition it is generally presumed to be.  It is, 
instead, a "macroscopic correlation," a coherent quantum correlation in which one 
of the two correlated sub-systems happens to be macroscopic.  This clarifies the 
physical meaning of entanglement:  When a superposed quantum system A is 
unitarily entangled with a second quantum system B, the coherence of the original 
superposition of different states of A is transferred to different correlations 
between states of A and B, so the entangled state becomes a superposition of 
correlations rather than a superposition of states.  This transfer preserves unitary 
evolution while permitting B to be macroscopic without entailing a macroscopic 
superposition.  This resolves the "problem of outcomes" but is not a complete 
resolution of the measurement problem because the entangled state is still 
reversible.   	
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2	Is	 the	measurement	problem	an	 issue	of	physics?	 	Of	 formalism?		Of	epistemology?		Or	is	it	a	beast	of	an	altogether	different	nature?			Is	 it	a	dire	warning	that	perhaps	something	 is	 irrevocably	rotten	at	 the	 very	 core	 of	 quantum	 mechanics,	 something	 that	 could	prompt	 this	 theoretical	 edifice	 to	 collapse	 at	 any	moment,	 like	 a	house	 haphazardly	 erected	 on	 swampy	 grounds?	 	 ...Every	interpretation	of	quantum	theory	owes	its	existence	to	somebody	making	a	new	assault	on	this	perennial	problem.			Maximillian	Schlosshauer	(2007)	
	
1.		Background	and	summary	for	a	multidisciplinary	audience			 Of	all	the	quantum	conundrums,	the	measurement	problem	inspires	the	most	enduring	debate.	 	The	present	paper	proposes	a	 solution	of	one	of	 the	two	 core	 measurement	 issues,	 but	 is	 neither	 another	 interpretation	 of	quantum	 physics	 nor	 an	 alteration	 of	 the	 standard	 theory.	 	 It	 is	 instead	 an	analysis	of	 the	 standard	 theory	 in	 light	of	 certain	 experimental	 results,	with	the	 purpose	 of	 understanding	 the	 precise	 relationship	 between	 a	measured	quantum	system	and	 its	measuring	device.	 	The	analysis	 concludes	 that	 this	"entangled	 state,"	 also	 known	 as	 the	 "Schrodinger's	 cat	 state,"	 is	 not	 the	paradoxical	macroscopic	 superposition	 it	 is	 generally	presumed	 to	be	but	 is	instead	a	far	tamer	beast:		a	non-paradoxical	coherent	quantum	correlation	in	which	one	of	the	two	correlated	sub-systems	happens	to	be	macroscopic.		It	is	a	macroscopic	correlation,	not	a	macroscopic	superposition.	 	This	conclusion	resolves	 the	 "problem	 of	 definite	 outcomes,"	 but	 is	 not	 by	 itself	 a	 complete	resolution	 of	 the	measurement	 problem	 because	 the	 entangled	 state	 is	 still	reversible.		 In	his	famous	paper	"Against	measurement,"	John	Bell	(1990)	criticizes	several	 words	 that	 show	 up	 frequently	 in	 discussions	 about	 quantum	foundations,	 claiming	 that,	 "On	 this	 list	 of	 bad	words	 from	 good	 books,	 the	worst	 of	 all	 is	 'measurement.'	 	 ...In	 fact	 the	word	 has	 had	 such	 a	 damaging	effect	 on	 the	 discussion,	 that	 I	 think	 it	 should	 now	 be	 banned	 altogether	 in	quantum	mechanics."				 Bell	argued,	justifiably,	against	the	common	misconception	of	assuming	"quantum	 measurement"	 refers	 only	 to	 laboratory	 operations	 such	 as	 an	electron	or	photon	striking	a	viewing	screen	and	creating	a	visible	flash,	or	a	radioactive	nucleus'	decay	causing	a	detector	to	audibly	click.		This	laboratory	view	of	measurement	 is	 indeed	damaging,	because	 it	 seems	 to	 imply	human	involvement	 in	 the	process.	 	 Unfortunately,	 the	 term	 remains	 sanctioned	by	
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3	tradition.		The	solution	is	to	simply	broaden	the	meaning	of	"measurement"	to	include	 every	quantum	process	 that	 results	 in	 a	macroscopically	 observable	event,	 regardless	of	whether	humans	 are	 involved.	 	 	 Thus	 a	quantum	object	interacting	with	its	surroundings	so	as	to	create	a	macroscopically	observable	effect	is	a	"measurement"	regardless	of	whether	humans	participate	(Hobson	2017).	 	 	 For	 example,	 if	 a	 cosmic	 ray	 strikes	 and	moves	 a	 grain	 of	 sand	 on	Mars,	 that's	 a	 quantum	measurement.	 This	 broadened	 definition	 in	 no	 way	resolves	 the	 measurement	 problem,	 but	 it	 reduces	 the	 problem	 to	 normal	physics	without	the	distraction	of	supposing	humans	play	any	essential	role.				 Let's	 consider	 three	 examples	 of	 quantum	 measurements:	 	 First,	 an	electron	passes	through	a	double-slit	set-up	(two	parallel	narrow	slits	cut	into	an	 opaque	 screen)	 and	 strikes	 a	 viewing	 screen,	 causing	 a	 small	 flash	 to	appear	 at	 an	 indeterminate	 location	 on	 the	 screen.	 	 Second,	 we	 add	 to	 this	experiment	a	detector	capable	of	determining	through	which	of	the	two	slits	each	electron	passes,	so	each	electron	causes	the	detector	to	macroscopically	indicate	either	"slit	1"	or	"slit	2."	 	Third,	a	single	radioactive	nucleus	decays,	causing	 a	 detector	 to	 click	 at	 an	 indeterminate	 time.	 	 We	 will	 see	 that	 the	quantum	process	known	as	"entanglement,"	which	Erwin	Schrodinger	(1935)	regarded	 as	 "the	 characteristic	 trait	 of	 quantum	 mechanics"	 (Schrodinger's	emphasis),	plays	the	central	measurement	role	in	all	three.				 John	 Bell	 (1964)	 showed	 theoretically	 that	 entanglement	 entails	"nonlocality,"	 i.e.	 physical	 alterations	 occurring	 instantaneously	 across	 a	distance.	 	 This	 is	 arguably	 the	 most	 surprising	 of	 all	 predicted	 quantum	phenomena.	 	 Bell's	 analysis	 was	 nearly	 ignored	 for	 years,	 but	 many	 who	became	 aware	 of	 it	 thought	 this	 seemingly	 far-fetched	 prediction	 must	 be	wrong,	implying	quantum	theory	itself	needed	revising.	 	John	Clauser	(1972)	was	 one	 who	 thought	 this.	 	 However,	 his	 own	 experiments	 suggested,	 and	later	 experiments	 beginning	 with	 Alain	 Aspect	 (1982)	 have	 shown	conclusively,	that	the	predicted	nonlocality	indeed	occurs.		Furthermore,	these	experiments	show	empirically	that	nonlocal	phenomena	exist	even	if	quantum	theory	should	someday	turn	out	to	be	incorrect	(Hobson	2017,	Chp.	9).				 What	 is	 entanglement?	 	 If	 two	quanta	 such	 as	photons	or	 electrons	 in	specific	 quantum	 states	 alter	 each	 others'	 state	 in	 some	 manner	 and	 then	separate,	quantum	physics	generally	entails	 the	 final	state	of	each	 individual	quantum	is	 indeterminate.	 	For	a	simple	example,	 let's	call	 the	two	quanta	A	and	B,	let's	label	their	initial	states	|0>A	and	|0>B	(in	this	section,	readers	need	have	no	knowledge	of	 the	mathematical	meaning	of	 these	 standard	 symbols	for	 the	"state"	or	"situation"	of	a	quantum),	and	 let's	suppose	 there	are	only	two	 options	 for	 the	 possible	 final	 states	 of	 the	 two	 quanta:	 	 either	 |1>A	 and	
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|1>B	or	|2>A	and	|2>B,	so	the	final	state	can	be	described	as	"either	A	is	in	state	
|1>A	and	B	is	in	state	|1>B,	or	A	is	in	state	|2>A	and	B	is	in	state	|2>B."		According	to	quantum	theory,	 this	correlated	state	of	affairs	 turns	out	 to	be	a	single	or	"pure"	quantum	state	of	the	two-quantum	system	AB,	yet	neither	A	nor	B	is	in	a	single	pure	state	of	its	own;	instead,	the	state	of	each	is	correlated	with	the	state	of	the	other.		We	call	such	a	pure	correlated	state	an	"entangled	state"	of	the	composite	system	AB.				 If	 no	 further	mutual	 or	 external	 interaction	 occurs,	 this	 entanglement	persists	 undiminished	 no	 matter	 how	 far	 apart	 A	 and	 B	 may	 drift.	 	 	 Such	entangled	systems	are	known,	both	theoretically	and	experimentally,	to	have	nonlocal	properties,	behaving	in	many	ways	like	a	single	unified	quantum	that	can	 change	 instantaneously	 throughout	 its	 entire	 extent	 even	 though	 it	 is	stretched	 over	 the	 distance	 between	 A	 and	 B.	 	 Thus,	 an	 entangled	 pair	 of	photons	has	been	described	as	 "an	atom	of	 light"	or	 "a	bi-photon."	 	Roughly	speaking,	Bell's	theorem	(mentioned	above)	says	that,	if	you	alter	the	state	of	one	member	of	an	entangled	pair,	 then	 the	other	member	 instantly	(with	no	time	delay	for	a	signal	to	travel	between	the	two	quanta)	adjusts	its	state.			 How	does	entanglement	relate	to	our	three	measurement	examples?		In	our	 first	 example,	 an	 electron	 passes	 through	 a	 pair	 of	 double	 slits	 and	impacts	 a	 viewing	 screen,	 creating	 an	 observable	 flash.	 	 Since	 identical	experimental	trials	have	different	impact	points,	it	makes	sense	to	perform	an	"ensemble"--a	large	number--of	such	trials,	all	identically	prepared.			We	find	the	ensemble	of	flashes	forms	an	interference	pattern	spread	over	the	viewing	screen	(Hobson	2013a,	Section	IV	A).				 Schrodinger's	 equation,	 when	 applied	 to	 each	 electron,	 predicts	 this	interference	 pattern.	 	 According	 to	 Schrodinger's	 equation,	 each	 electron	approaches	the	screen	as	a	physical	field	(analogous	to	a	gravitational	field	or	magnetic	 field),	 often	 called	 a	 "wave	 function,"	 spread	 out	 behind	 both	 slits	and	 extending	 across	 a	 region	 of	 the	 screen.	 	 This	 field	 of	 each	 individual	electron,	properly	called	an	"electron-positron	field,"	then	entangles	with	the	atoms	 of	 the	 screen	 (Hobson	 2013a,	 Section	 IV	 C).	 	 This	 entangled	 state	correlates	 different	 electron	 positions	with	 different	 groups	 of	 atoms	 in	 the	screen,	with	each	group	perhaps	representing	a	single	photographic	grain,	so	the	 entanglement	 has	 many	 correlated	 electron-atom	 pairs,	 each	 pair	correlating	the	same	single	electron	with	a	different	grain.		Each	of	these	pairs	has	 a	 predictable	 probability	 of	 interacting	 (different	 probabilities	 for	different	locations	on	the	screen),	but	the	"unity	of	the	quantum"	implies,	for	each	electron,	only	one	of	them	does	interact	and	when	it	does	the	full	energy	and	momentum	of	the	electron	enters	the	screen	at	that	point.		An	ensemble	of	
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5	such	 electron	 impacts,	 with	 all	 electrons	 identically	 prepared,	 creates	 an	interference	pattern	of	flashes.					 In	 our	 second	 example,	 we	 add	 a	 "which-slit"	 detector	 to	 the	 first	example.		As	described	mathematically	in	(Schlosshauer	2007,	pp.	63-65)	and	(Hobson	2013a,	 Section	 IV	B),	 this	 changes	 everything	 because	 the	 detector	entangles	with	each	electron	as	it	comes	through	the	slits.	 	 	In	this	entangled	state,	 electron	 positions	 in	 the	 first	 slit	 are	 correlated	 with	 the	 detector	reading	 "slit	 1"	 and	electron	positions	 in	 the	 second	 slit	 are	 correlated	with	the	 detector	 reading	 "slit	 2,"	 so	 the	 entangled	 state	 is	 simply	 "either	 the	electron	 comes	 through	 slit	 1	 and	 the	detector	 reads	 'slit	 1,'	 or	 the	 electron	comes	 through	 slit	 2	 and	 the	 detector	 reads	 'slit	 2'."	 	 Most	 importantly,	introduction	 of	 the	 which-slit	 detector	 radically	 alters	 the	 pattern	 seen	"downstream"	on	the	viewing	screen:	 	There	is	no	longer	any	trace	of	a	two-slit	 interference	 pattern,	 and	 instead	 a	 simple	 sum	 of	 two	 non-interfering	single-slit	patterns,	centered	behind	slits	1	and	2	respectively,	appears.				 The	difference	between	the	first	and	second	examples	is	crucial.		In	the	first	 example,	 each	 electron	 approaching	 the	 screen	 is	 said	 to	 be	 in	 a	 "pure	state,"	meaning	it	is	impossible	to	associate	a	typical	flash	on	the	screen	with	one	or	the	other	slit.		It's	reasonable	to	say	that	each	electron	comes	through	both	 slits,	 and	 in	 fact	 Schrodinger's	 equation	predicts	 the	 electron	 field	 (the	"wave	 function")	 to	 pass	 through	 both	 slits.	 	 In	 the	 second	 example,	 careful	timing	 would	 permit	 one	 to	 associate	 each	 flash	 on	 the	 screen	 with	 a	 slit-detector	registering	either	"slit	1"	or	"slit	2,"	and	in	fact	the	overall	pattern	is	simply	 the	sum	of	 the	 two	smooth	(i.e.	no	 interference	 fringes)	patterns	one	obtains	 upon	 sending	 electrons	 through	 slit	 1	 alone	 and	 sending	 electrons	through	slit	2	alone.		It's	reasonable	to	say	that	the	entanglement	with	the	slit	detector	causes	each	electron	(i.e.	each	single-electron	quantum	field)	to	come	through	one	or	the	other	slit,	not	both.	 	 In	this	case,	where	the	experimental	results	allow	us	to	assign	each	member	of	the	ensemble	to	a	restricted	set	of	possible	 paths	 from	 source	 to	 screen,	we	 say	 that	 each	 electron	 approaches	the	viewing	screen	 in	a	 "mixed	state"	or	 "mixture"	of	 coming	 through	either	slit	 1	 or	 slit	 2.	 	 Entanglement	 of	 the	 electron	 with	 the	 which-slit	 detector	"collapses"	the	electron	from	a	superposition	of	coming	through	both	slits	to	a	mixture	of	coming	through	one	or	the	other	slit."						 This	process,	in	which	a	detector	entangles	with	a	quantum	in	order	to	turn	a	pure	state	into	a	mixture,	is	essential	to	measurement,	although	it's	not	all	 there	 is	 to	 measurement	 because	 the	 entangled	 mixture	 remains	reversible,	 and	 in	 fact	 in	 certain	 experiments	 such	mixtures	 can	 actually	 be	turned	back	 into	their	 initial	pure	states	(Hobson	2017,	pp.	218-221).	 	So	as	
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6	yet	 the	measurement	has	 left	 no	permanent	mark--an	undeniable	 feature	of	any	measurement	 (Wheeler	 and	 Zurek	 1983).	 	 Furthermore,	 the	 theoretical	mixture	 is	 still	 symmetric	with	respect	 to	both	slits.	 	Entanglement	converts	each	electron	from	a	superposition	of	coming	through	both	slit	1	and	slit	2,	to	a	 mixture	 of	 coming	 through	 either	 slit	 1	 or	 slit	 2,	 so	 it	 implies	 a	 definite	outcome,	 but	 this	 theoretical	 description	 does	 not	 by	 itself	 result	 in	 nature	selecting	 a	 single	 outcome.	 	 The	 outcome	 is	 definite	 but	 still	 indeterminate.		The	 slit	 detection	 is	 surely	 irreversible	 because	 it	 is	 macroscopically	observable.	 	 As	 stated	 above,	 this	 paper	 does	 not	 analyze	 this	 second,	"thermodynamic,"	 part	 of	 the	measurement	 process;	 it	 explains	 only	 how	 a	definite	but	 indeterminate	outcome--i.e.	a	mixture--comes	about,	as	opposed	to	an	indefinite	superposition	of	two	or	more	outcomes.				 Our	 third	 example	 is	 a	 variation	 on	 the	 second	 example.	 	 Imagine	 a	single	 radioactive	 nucleus	 that,	 after	 an	 indeterminate	 time,	 emits	 an	 alpha	quantum	(a	helium	nucleus,	commonly	called	an	alpha	particle),	and	imagine	that	a	nearby	detector	registers	it.	 	The	detector	is	a	macroscopic	device	that	might	for	example	emit	an	audible	click	upon	detecting	the	alpha	quantum.		If	the	click	triggers	a	hammer	that	smashes	a	vial	of	poison	gas	that	kills	a	cat,	this	 is	 Schrodinger's	 (1937)	 cat	 example,	 but	 this	 dramatization	 is	 not	essential	so	in	this	section,	out	of	sympathy	for	cats,	 let's	do	without	the	cat.		After	any	given	time	interval,	the	detector	has	either	clicked	or	not.		Until	the	click	 occurs,	 quantum	 theory	 predicts	 the	 nucleus	 is	 entangled	 with	 the	detector,	 so	 that	 "the	 nucleus	 has	 decayed"	 is	 correlated	with	 "the	 detector	has	clicked,"	and	"the	nucleus	hasn't	decayed"	is	correlated	with	"the	detector	hasn't	 clicked."	 	This	 is	precisely	analogous	 to	our	second	example,	with	 the	nucleus	replacing	the	electron	and	the	alpha	detector	replacing	the	which-slit	detector.	 	 If	 the	 elapsed	 time	 happens	 to	 be	 the	 nuclear	 half-life,	 then	 the	probabilities	associated	with	the	two	outcomes	are	50-50.			 These	examples	demonstrate	the	centrality	of	entanglement	to	quantum	measurements.	 	 But	 where	 in	 all	 this	 is	 the	 problem	 that	 bothered	Schrodinger	and	still	bothers	others?	 	The	problem	is,	 the	 theory	appears	 to	predict	 the	 entangled	 state	 to	 be	 a	 physically	 outrageous	 and	 paradoxical	quantum	 superposition	 describable	 as	 follows:	 "An	 undecayed	 nucleus	 and	unclicked	 detector	 is	 superposed	 with	 a	 decayed	 nucleus	 and	 clicked	detector."	 	 	 This	 would	 indeed	 by	 paradoxical.	 	 To	 see	 why,	 we	 must	understand	precisely	what	is	meant	by	a	"superposition	of	quantum	states."				 Quantum	theory	is	"linear."	 	This	means	any	linear	combination	of	two	or	more	 states	of	 a	 system	also	 represents	 a	possible	 state,	 and	a	 system	 in	such	a	state	must	be	regarded	as	being	simultaneously	in	both	the	superposed	
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7	states.		As	an	example,	consider	an	interferometer	(Fig.	1).		A	light	beam	at	the	lower	 left	 strikes	a	 "beam	splitter"	BS--a	glass	plate	angled	at	45	degrees	 to	the	 beam's	 path--that	 reflects	 50%	of	 the	 beam	upward	 and	 transmits	 50%	forward.		Mirrors	M	re-direct	both	beams	so	they	come	together	at	the	upper	right	 corner	where	a	 second	beam	splitter	again	 transmits	and	reflects	both	beams,	thus	mixing	them	together	so	they	can	interfere.			Detectors	1D	and	2D	then	 register	 the	 results	 at	 the	 ends	 of	 both	 paths.	 	 	 If	 the	 input	 is	 a	macroscopic	 beam	 of	 single-wavelength	 light,	 the	 detectors	 register	 wave-interference	 effects:	 	 As	 the	 length	 of	 either	 path	 1	 or	 path	 2	 is	 varied	 by	adding	a	short	variable	length	of	path	at	either	the	point	φ1	or	φ2	(the	devices	that	do	this	are	called	"phase	shifters"),	the	percentage	of	the	light	showing	up	at	1D	varies	from	100%	to	0%	while	the	percentage	showing	up	at	2D	varies	from	0%	to	100%.	 	Specifically,	 if	the	difference	φ1	-	φ2	between	the	two	path	lengths	is	zero	(or	1	wavelength	or	2	wavelengths	etc.),	then	all	the	light	ends	up	in	1D,	while	if	this	difference	is	0.5	wavelengths	(or	1.5	wavelengths,	or	2.5	wavelengths,	etc.),	all	 the	light	ends	up	in	2D.	 	For	all	other	path	differences,	some	of	the	beam	goes	to	each	detector	with	the	percentage	striking	1D	and	2D	varying	smoothly	as	the	path	difference	varies.	This	is	a	wave-interference	effect,	and	demonstrates	light	to	be	a	wave.		
	Fig.	 1.	When	 single	 photons	 pass	 through	 an	 interferometer	 and	 either	 the	phase	shifter	φ1	varies	the	 length	of	path	1	or	the	phase	shifter	φ2	varies	the	length	 of	 path	 2,	 the	 results	 at	 the	 detectors	 imply	 each	 photon	 is	 in	 a	superposition	of	following	both	paths.		 			 But	light	is	made	of	highly	unified	quanta.		This	entails	that,	if	only	one	photon	enters	the	interferometer,	only	one	of	the	two	detectors	can	register.		What	happens?					 Since	photons	involve	quantum	physics,	we	must	consider	an	ensemble	of	 single-photon	 trials.	 	We	 find,	 at	 any	 particular	 setting	 of	 the	 two	 phase	
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8	shifters,	the	fraction	of	these	photons	impacting	detector	1D	or	2D		varies	in	the	manner	 suggested	 by	 the	 light-beam	 results	 just	 described:	 	 If	 the	 path	difference	φ2	-	φ1	is	set	at	0,	1,	2,	...	wavelengths,	100%	of	the	photons	land	at	1D.	 	 If	 the	difference	 is	 set	 at	0.5,	 1.5,	 2.5,	 ...	wavelengths,	100%	 land	at	2D.		And	 the	 percentage	 landing	 at	 1D	 and	 2D	 varies	 smoothly	 as	 the	 path	difference	varies.	 	Since	these	outcomes	depend	upon	both	path	lengths,	any	realistic	 view	of	quantum	physics	 (i.e.	 any	view	according	 to	which	photons	really	exist	even	when	they	are	inside	the	interferometer	and	not	impacting	a	detector)	must	conclude	each	photon	travels	both	paths	and	"interferes	only	with	itself"	as	Paul	Dirac	(1958)	put	it.	 	So	the	first	beam	splitter	superposes	each	photon	along	both	paths.				 Thus	 quantum	 physics	 implies	 a	 single	 photon	 can	 be	 in	 two	 widely	separated	places	at	the	same	time.		The	distance	between	the	two	paths	can	be	as	large	as	you	like.		All	quanta	behave	in	this	way.		A	material	quantum	such	as	an	electron	or	an	atom	or	a	more	massive	object	can	be	in	two	places	at	the	same	time,	although	this	turns	out	to	be	more	and	more	difficult	to	accomplish	experimentally	 as	 the	 mass	 of	 the	 object	 increases,	 primarily	 because	 the	object's	quantum	wavelength	becomes	shorter.	 	The	 largest	material	objects	ever	 superposed	 are	 "superconducting	 quantum	 interference	 devices,"	 or	"SQUIDs,"	 made	 of	 superconducting	 metal	 and	 some	 tenth	 of	 a	 millimeter	across;	 within	 these	 tiny	 ring-shaped	 loops,	 superconducting	 currents	comprising	billions	of	electrons	have	been	made	to	circulate	in	two	directions,	clockwise	and	counterclockwise,	at	once.		That's	a	lot	of	electrons,	but	it's	tiny	in	 macroscopic	 terms.	 	 Nothing	 approaching	 a	 cat	 has	 been	 superposed,	although	 some	experimenters	 are	 considering	 the	possibility	 of	 superposing	viruses	(Hobson	2017,	Chapter	8).		 Returning	 to	 the	 measurement	 problem:	 	 Recall	 that,	 in	 our	 third	example,	 entanglement	 appears	 to	 imply	 the	 composite	 state	 "undecayed	nucleus,	 unclicked	 detector"	 is	 superposed	 with	 	 "decayed	 nucleus,	 clicked	detector."	 	 This	 would	 be	 an	 enormous	 macroscopic	 superposition	 that	included	an	unclicked	and	clicked	detector,	not	to	mention	an	undecayed	and	decayed	 nucleus.	 	 	 The	 paradox	 is,	 it	 cannot	 be	 this	 easy	 to	 create	 such	 a	superposition.	 	 Another	 paradox:	 	 this	 superposition	 implies	 there	 is	 no	definite	 outcome,	 because	 the	 entangled	 superposition	 implies	 both	macroscopic	 outcomes	 (unclicked	 and	 clicked)	 actually	 occur.	 	 	 So	 it	 seems	quantum	theory	predicts	the	experiment	to	have	no	result!		 What	 has	 been	 the	 standard,	 historical,	 response	 to	 this	 conundrum?		Beginning	at	least	with	the	analysis	of	John	von	Neumann	(1932),	a	separate	principle	 has	 been	 used	 to	 deal	 with	 the	 measurement	 problem.	 	 It	 is	
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9	postulated	that,	 in	addition	to	the	standard	evolution	of	quantum	systems	as	described	 by	 the	 Schrodinger	 equation,	 there	 is	 a	 separate	 process	 that	applies	specifically	to	measurements.		von	Neumann,	an	important	developer	of	our	present	mathematical	form	of	quantum	physics,	called	this	"process	1,"	as	 distinct	 from	 the	 predictable	 Schrodinger	 evolution	 which	 he	 called	"process	2."		Process	1	is	also	called	the	"measurement	postulate"	or	"collapse	postulate."		It	states	that,	when	a	superposed	quantum	system	is	probed	by	a	detector	 that	 can	 distinguish	 between	 the	 states	 of	 the	 superposition,	 the	system	 suddenly	 transitions--collapses--into	 one	 of	 the	 states	 of	 the	superposition.	 	 	Process	1	also	provides	a	 formula	known	as	 the	"Born	rule"	for	the	probability	of	collapse	into	each	of	these	previously-superposed	states.		In	 the	 case	 of	 our	 second	 example,	 this	 postulate	 predicts	 the	 electron	collapses	into	the	"slit	1"	state	with	probability	0.5,	and	into	the	"slit	2"	state	with	probability	0.5.			 Physicists	 agree	 that	 this	 principle	 indeed	 correctly	 describes	measurement	 outcomes,	 but	 thoughtful	 analysts	 argue	 that	 the	 postulate	poses	 serious	 problems:	 	 Measurement	 devices	 are	 made	 of	 atoms	 that	presumably	obey	quantum	principles,	so	the	interaction	of	a	quantum	system	with	a	measurement	device	should	be	describable	in	entirely	quantum	terms,	so	 why	 should	 a	 second	 postulate	 be	 needed	 just	 to	 handle	 the	 particular	category	of	processes	known	as	"measurements?"		Furthermore,	the	collapse	described	 by	 the	 measurement	 postulate	 seems	 to	 contradict	 the	 smooth	evolution	described	by	Schrodinger's	equation,	because	the	collapse	seems	to	occur	 in	 zero	 time,	 i.e.	 instantaneously.	 	 Moreover,	 even	 if	 the	 postulated	collapse	 does	 occur,	 what	 are	 we	 to	 make	 of	 the	 seemingly	 outrageous	superposition	of	the	composite	quantum-plus-detector	system	that	appears	to	occur	just	prior	to	the	collapse?						 As	a	practical	matter,	the	response	of	working	physicists,	chemists,	and	others	 has	 been	 to	 "shut	 up	 and	 calculate,"	 meaning	 simply	 replace	 the	outrageous	superposition	with	the	collapsed	states	accompanied	by	the	Born	probability	 for	 each	 of	 these	 measurement	 outcomes.	 	 In	 other	 words,	 the	response	 has	 been	 to	 employ	 von	 Neumann's	 process	 1	 without	 worrying	about	the	logic	or	consistency	of	doing	so.				 The	 thesis	 of	 this	 paper	 is:	 	 entanglement	 is	 key	 to	 the	measurement	process,	 entangled	 states	 have	 been	 long	 misunderstood,	 and	 proper	understanding	resolves	the	problem	of	definite	outcomes.		One	indication	that	there	might	be	 such	a	misunderstanding	 is	 that,	 as	 can	be	easily	 shown,	 the	entangled	state	of	a	quantum	plus	its	detector	entails	that	an	observer	viewing	only	 one	 of	 these	 two	 subsystems	 observes	 it	 to	 be	 in	 a	 mixture,	 not	 a	
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10	superposition,	of	its	two	states	(Jauch	1968,	Rinner	and	Werner	2008,	Hobson	2013b).	 	Quantum	 theory	 implies,	 for	 example,	 that	 an	 observer	 of	 only	 the	detector	 in	example	3	above	must	observe	either	an	unclicked	detector	or	a	clicked	detector,	not	both;	and	an	observer	of	the	nucleus	alone	must	observe	either	an	undecayed	or	decayed	nucleus,	not	both.			 Nevertheless,	it	is	true	that	that	the	entangled	state	of	a	quantum	and	its	detector	 presents	 a	 conundrum	 because	 it	 appears	 to	 represent	 a	superposition	of	two	different	macroscopic	situations.		What	shall	we	make	of	this?		 The	entangled	state	of	a	quantum	and	its	measuring	device	is	a	far	more	complex	structure	than	the	simple	superposition	of	a	non-composite	system.		We	 saw	 that	 proper	 understanding	 of	 the	 superposition	 of	 Fig.	 1	 requires	investigation	 of	 what	 happens	 when	 the	 phases	 φ1	 and	 φ2	 vary.	 	 We	 get	interference	regardless	of	whether	the	phase	is	varied	along	path	1	or	path	2,	implying	 that	 the	 two	 pathways	 really	 do	 occur	 simultaneously.	 	 But	 such	phase	 variations	 have	 never	 to	 my	 knowledge	 been	 performed	 for	 a	composite	 system	 when	 one	 of	 the	 two	 subsystems	 is	 a	 macroscopic	measuring	device.		Since	phase	variations	are	essential	to	understanding	non-composite	 superpositions,	 phase	 variations	 should	 also	 be	 essential	 to	understanding	superpositions	of	composite	systems--i.e.	entangled	states.						 Remarkably,	 such	 experiments	 have	 been	 performed	 since	 1972	with	microscopic	 systems,	 namely	 pairs	 of	 photons.	 These	 are	 the	 non-locality	experiments	of	Clauser	and	Freedman	(1972)	,	Aspect	et	al	(1982),	and	others,	as	 mentioned	 above.	 	 In	 these	 experiments,	 the	 phases	 of	 both	 entangled	subsystems	 are	 varied	 in	 order	 to	 experimentally	 demonstrate	 the	 nonlocal	properties	 of	 entangled	pairs.	 	 It	 seems	not	 to	 have	been	noticed	 that	 these	experiments	can	also	be	exploited	to	better	understand	the	local	properties	of	entangled	 states,	 including	 the	 state	of	 a	quantum	and	 its	measuring	device.		That	is,	nonlocality	experiments	can	shed	light	on	the	measurement	problem.				 This	 lack	 of	 attention	 is	 surprising,	 given	 the	 importance	 of	entanglement	and	especially	given	the	measurement	problem.		This	oversight	is	 surely	a	consequence	of	 the	circumstance	 that,	 since	about	 the	1950s,	 the	general	consensus	has	been	that	the	measurement	problem	cannot	be	solved	within	standard	quantum	physics	and	that	real	physicists	should	"shut	up	and	calculate,"	a	history	recounted	by	O.	Freire	(2015).	 	Since	then,	only	esoteric	new	 interpretations	 or	 alterations	 of	 the	 quantum	 formalism	 have	 been	allowed	into	consideration	as	ways	to	solve	this	problem.		Suggestions	within	standard	quantum	physics,	if	allowed	to	surface	at	all	(Jauch	1968,	Rinner	and	Werner	2008),	have	been	ignored	or	dismissed	with	superficial	arguments.				
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11		 The	technical	analysis	presented	in	Section	2	below	studies	the	results	of	 two	 particularly	 instructive	 nonlocality	 experiments	 conducted	 by	 Rarity	and	Tapster	(1990)	and	concurrently	by	Ou,	Zou,	Wang,	and	Mandel	(1990),	involving	 pairs	 of	 momentum-entangled	 photons.	 	 As	 shown	 in	 Fig.	 2,	 the	experiment	 is	 a	 pair	 of	 back-to-back	 interferometer	 experiments,	 each	 one	identical	(except	for	the	entanglement)	to	the	experiment	of	Fig.	1.		The	phase	shift	φA	is	the	total	phase	difference,	represented	by	φ2	-	φ1	in	Fig.	1,	between	the	 two	paths	 of	 interferometer	A,	 and	 similarly	 for	φB.	 	 But	 the	 results	 are	quite	 different	 from	 the	 result	 of	 the	 experiment	 of	 Fig.	 1,	 because	 the	 two	photons	 are	 now	 entangled	 and,	 as	 in	 our	 second	 example	 above	 (where	 a	which-slit	detector	was	introduced),	entanglement	changes	everything.				
	
Fig. 2.  The RTO experiments.  In each trial, the source emits a pair of entangled 
photons A and B into a superposition of the solid and dashed paths to create an 
entangled state |ψ>AB. Mirrors M and beam splitters BS recombine the beams so 
they can interfere at both stations.  Without entanglement, each photon would 
interfere only with itself as a function of its phase shift as in Fig. 1.  Entanglement 
destroys this local interference and creates nonlocal interference.  		 The	point	of	analyzing	the	RTO	experiments	is	to	understand	the	effect	of	 variations	 in	 the	 phase	 differences	φA	 and	φB	 in	 order	 to	 learn	 precisely	what	is	superposed	when	A	and	B	are	entangled.	 	To	my	knowledge,	such	an	analysis	 has	 never	 been	 done,	 although	 these	 experiments	 were	 performed	nearly	20	years	ago	and	other	nonlocal	entanglement	experiments	go	back	to	1972.		We	will	find	that,	as	already	pointed	out,	states	of	A	are	not	superposed,	nor	 are	 states	 of	 B.	 	 Moreover,	 states	 of	 the	 compound	 system	 AB	 are	 not	
superposed.	 	 In	 fact,	 quantum	 states	 are	 not	 superposed	 at	 all,	 and	 the	entangled	 state	 of	 a	 quantum	 and	 its	 detector	 is	 not	 a	 macroscopic	superposition	of	states	at	all.		Instead,	only	correlations	between	states	of	A	and	
states	of	B	are	superposed.				 Such	a	"superposition	of	correlations"	is	not	paradoxical	and	should	be	described	 as	 a	macroscopic	 correlation	 between	A	and	B,	not	 a	macroscopic	
superposition.	 	 This	 correlation	 varies	 smoothly	 with	 the	 phase	 of	 either	
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12	subsystem:	 	 As	 the	 phase	 difference	 φB	 -	 φA	 varies	 say	 from	 0	 to	 1/4	wavelength	 to	 1/2	 wavelength,	 the	 correlation	 between	 states	 of	 A	 and	 B	varies	 from	100%	positively	correlated	(outcomes	always	the	same,	either	1	and	1,	or	2	and	2),	 to	zero	correlation	(outcomes	are	 the	same	on	a	random	50%	 of	 trials	 and	 different	 on	 a	 random	 50%	 of	 trials)	 to	 100%	negatively	correlated	(outcomes	always	different,	either	1	and	2,	or	2	and	1);	meanwhile,	individual	 photon	 states	 remain	 unchanging	 50-50	 mixtures	 of	 their	 two	individual	states,	 in	agreement	with	the	results	quoted	above	when	either	of	the	 two	 subsystems	 is	 separately	 observed.	 	 Note	 the	 similarity	 of	 this	entangled	 "superposition	 of	 correlations"	 to	 the	 simpler	 superposition	 of	
states	pictured	in	Fig.	1.		Also	note	the	similarity	of	the	effect	of	entanglement	to	the	effect	of	the	which-slit	detector	in	the	second	of	our	three	entanglement	examples:	 	 	 In	both	cases,	entanglement	 transforms	a	phase-dependent	pure	state	superposition	into	a	phase-independent	mixture.				 The	 concept	 of	 "coherence"	 provides	 insight	 into	 these	 matters.		Referring	to	examples	1	(a	double	slit	experiment	with	a	simple	quantum	such	as	 an	 electron)	 and	 2	 (a	 which-slit	 detector	 is	 added	 to	 example	 1),	 the	electron	 is	 said	 to	 be	 in	 a	 "coherent	 state"	 in	 example	 1	 but	 an	 "incoherent	state"	in	example	2,	because	in	example	1	it	is	unified	across	both	slits		while	in	example	2	the	experimental	results	can	distinguish	between	the	"slit	1"	and	"slit	 2"	 outcomes.	 	 The	 which-slit	 detector	 "decoheres"	 the	 electron's	 state,	turning	the	pure	state	into	a	mixture.		Decoherence	is	an	important	quantum	phenomenon	and	has	been	studied	in	great	detail	(Schlosshauer	2007).				 A	key	quantum	characteristic	 is	 that	systems	preserve	 their	coherence	so	long	as	they	obey	the	Schrodinger	equation.		This	raises	a	question	for	any	process,	 such	 as	 introduction	 of	 a	 which-slit	 detector	 into	 the	 double-slit	experiment,	 that	decoheres	the	state	of	a	quantum.	 	The	electron's	state	was	coherent	 before	 the	 which-slit	 detector	 switched	 on,	 and	 an	 incoherent	mixture	 afterward,	 yet	 it	 can	 be	 shown	 (Schlosshauer	 2007)	 that	 a	Schrodinger-like	 or	 "unitary"	 evolution	 applies	 to	 the	 process	 of	 converting	the	 electron	 from	 the	 coherent	 to	 the	 incoherent	 state.	 	 Where	 does	 the	coherence	go?				 It	goes	 into	 forming	coherent	 (phase	dependent)	correlations	between	the	 electron	 and	 the	 which-slit	 detector.	 	 As	 Section	 2	 will	 clarify	mathematically,	 the	 measurement	 process	 transfers	 the	 coherence	 of	 the	measured	 quantum	 into	 a	 coherent	 relationship	 between	 the	 measurement	device	and	the	measured	quantum.		Thus	the	measurement	process	decoheres	the	 measured	 quantum	 while	 delocalizing	 the	 overall	 coherence	 of	 the	universe	 by	 spreading	 the	 original	 single-quantum's	 coherence	 to	 two	
Solution	of	the	problem	of	definite	outcomes	
	
13	arbitrarily	 separated	 subsystems.	 	 This	 spatial	 spreading	 of	 coherence	 from	local	 systems	 to	 more	 global	 systems	 suggests	 the	 second	 law	 of	thermodynamics	 (Leff	 2007)	 and	 may	 be	 key	 to	 understanding	 the	irreversibility	 of	 measurements,	 although	 this	 paper	 does	 not	 pursue	 this	suggestion.		
2.		Formal	analysis	for	a	specialized	audience	
 
 As is well known (Schlosshauer 2007), when a 2-state system A in a 
superposition (|1>A + |2>A)/√2 of its two basis states is measured by a device B 
designed to distinguish between those two basis states, the result is the entangled 
state  
 
   |ψ>AB = (|1>A |1>B + |2>A |2>B)/√2         (1) 
 
where |1>B and |2>B are the two pointer states of the detector B that indicate the 
two basis states of A.  The state (1) is regarded as paradoxical because the plus sign 
appears to entail that the composite system AB is in two macroscopically different 
composite states simultaneously, namely A is in |1>A and B is in |1>B, and 
simultaneously A is in |2>A and B is in |2>B.   
 This analysis will show that, according to both theory and experiment, the 
preceding sentence represents a fundamental misunderstanding of entangled states.  
The plus sign in (1) indicates a superposition of some sort, but precisely what is 
superposed?  Are states of A superposed?  States of B?  States of the compound 
system ΑΒ?  As this paper will show, theory and experiment demonstrate that 
|ψ>AB is none of these, and is in fact not a superposition of states at all, but rather a 
coherent superposition of correlations between pairs of local states of A and B.  
This analysis will show that, even if one of the subsystems is macroscopic, |ψ>AB 
is not a macroscopic superposition but instead merely the non-paradoxical 
correlated state one expects in a measurement.  That is, (1) entails merely that the 
states |1>A and |1>B are 100% positively correlated, and the states |2>A and |2>B 
are 100% positively correlated, and does not entail a superposition of states.  
Measurements aside, the analysis provides new insight into the physical and 
mathematical meaning of entanglement.    
 The entangled state (1) may look simple but it's not easy to decipher.  A 
well-known but perhaps surprising fact entailed by |ψ>AB is neither A nor B is in a 
superposition in its own Hilbert space.  This can be shown by assuming A or B is 
in a superposition and deriving a contradiction (Hobson 2013b), or it can be shown 
by first deriving the "reduced density operators" for A and for B (Jauch 1968, 
Rinner and Werner 2008).  Thus, in the measurement situation, an observer of the 
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detector B is predicted to find it either in state |1>B or in state |2>B, not in a 
superposition of both.  
 Eq. (1) seems to say that the state of the entire composite system AB is 
superposed.  For Schrodinger's famous cat (Schrodinger 1937), this would mean 
"undecayed nucleus and live cat" is superposed with "decayed nucleus and dead 
cat" in the sense that both situations exist simultaneously--a preposterous 
macroscopic superposition for sure.  As we shall see, theory and experiment agree 
that this is an incorrect conclusion.  In fact, we'll see that a Hilbert-space dyad such 
as |1>A |1>B does not represent a composite state of AB at all; it represents only a 
correlation between a local state of A and a local state of B.  That is, |1>A |1>B 
means "A is in state |1>A if and only if B is in state |1>B "  rather than "A is in state 
|1>A and B is in state |1>B."  The difference is crucial.    
 The way to investigate a superposition is to consider the interference arising 
from variations in the relative phase between its superposed parts.  Such variations 
aren't normally considered in connection with the measurement process, where one 
of the subsystems is macroscopic.  But phase variations are part and parcel of 
nonlocality experiments in which both subsystems are microscopic.  One example 
is the experiment of Aspect and Dalibard (1982) demonstrating the nonlocality of 
polarization-entangled photon pairs.  Such nonlocality experiments are important 
for this paper because they vary the phase difference between the superposed terms 
of |ψ>AB, enabling us to learn just what is superposed.  
 Nonlocality experiments conducted by Rarity and Tapster (1990) and 
concurrently by Ou, Zou, Wang, and Mandel (1990) are perfect for this purpose.  
These "RTO" (for Rarity, Tapster, and Ou) experiments involve pairs of 
momentum-entangled photons.  For pedagogical discussions of these experiments, 
see (Horne, Shimony, and Zeilinger 1990), (Hobson 2017, Chp. 9), and (Hobson 
2010, Chp. 13).  The momenta (i.e. the phases) of RTO's photons are pairwise 
entangled in the state |ψ>AB where the subsystems A and B are now the two 
photons.  In each trial, a central source creates a photon pair by parametric down-
conversion.  The entanglement process creates pairs having definite total 
momentum, which I will assume to be zero for simplicity, so that paired photons 
are oppositely-directed.  Each pair is emitted into two superposed branches 
|1>A|1>B and |2>A|2>B, shown in Fig. 2 as a solid line and a dashed line, 
respectively.  To vary the relative phase between the terms of the superposition, 
experimenters insert phase shifters φA  and φB  into each branch (Fig. 2).  A's and B's 
two beams are interfered at beam splitters as shown, and monitored by photon 
detectors 1A, 2A, 1B, 2B.     
 Without entanglement, this set-up would be simply two independent back-
to-back beam splitter experiments, with each photon going into two superposed 
beams, solid and dashed, that interfere at separate detectors.  Each photon would 
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interfere with itself according to its own phase shift φA or φB, with no dependence 
on the other photon.      
 Entanglement changes everything.  Even though the detectors could be 
separated arbitrarily distantly, the entanglement entails that each photon acts as an 
ideal (but microscopic) which-path detector for the other photon.  Entanglement 
radically alters both single-photon superpositions so that A and B impact their 
detectors as random local mixtures with no phase-shift dependence.  
 But quantum dynamics is unitary, implying that the global state must remain 
coherent despite the collapse of its subsystems into incoherent local mixtures.  
Where has the coherence gone?  The answer:  It resides in the coherent relationship 
between Fig. 2's solid and dashed branches!  This global coherence is observed 
experimentally in coincidence--i.e. correlation--measurements comparing the 
impact points of entangled pairs.  Quantum theory predicts (Horne et. al. 1990) and 
the RTO experiments confirm that the degree of statistical (over many trials) 
correlation between paired photons A and B varies coherently as the cosine of the 
difference φB-φA between the two local phase shifts, as graphed in Fig. 3.  
 
 
Fig. 3.  Nonlocal interference in the RTO experiments.  As the nonlocal phase 
difference varies, the degree of statistical (averaged over many trials) correlation 
between A and B shows coherent interference.    
 
 In Fig. 3, perfect correlation (+1) means the photon detectors always agree:  
Either both register "1" or both register "2."  This is the measurement situation.  
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Perfect anti-correlation (-1) means the detectors always disagree:  If one registers 
1, the other registers 2.  In either case, the outcome at B is predictable from the 
outcome at A.  Zero correlation means the detectors agree on a random 50% of 
trials, and disagree on 50%, so the outcome at A provides no information about the 
outcome at B.   Other degrees of correlation represent intermediate situations; for 
example, a correlation of +0.5 implies a 75% probability of agreement, while a 
correlation of -0.5 implies a 75% probability of disagreement.   
 The nonlocality is obvious.  Suppose we set both phase shifters to zero and 
that all four optical paths in Fig. 2 (two solid, two dashed) are equal.  Without the 
beam splitters, conservation of momentum ensures the correlation is +1, because 
the photons remain either on the solid path or on the dashed path.  This is not 
surprising and does not provide evidence for nonlocality.  But it's surprising that 
this doesn't change when we insert the beam splitters (still at zero phase angles).  
Despite the random mixing of paths at two widely separated locations, each photon 
"knows" which detector the other photon "chooses" at the final beam splitters.  
Locally, each photon is in a mixture, but globally the photons are in a single 
nonlocally correlated pure state.  The perfect correlation is now a nonlocal 
consequence of  entanglement.   To cinch this case for nonlocality, the results 
shown in Fig. 3 violate Bell's inequality over a range of phase angles.   
 This nonlocality demonstrates the unity of the quantum (Hobson 2013a and 
2017):  Each photon responds to the experimental arrangement of the entire 
spatially extended pair, which form a single coherent "bi-quantum"--"an atom of 
light."  Regardless of which phase shifter varies, both photons "know" both path 
lengths and correlate accordingly at both stations.  Analogously, in a single-photon 
interferometer (Fig. 1), the experimental results imply the single spatially extended 
(Hobson 2013a) photon's state adjusts to both path lengths.  
 The experiments of Figs. 1 and 2 both entail superposition, but there is a big 
difference between the two.  In the simple superposition of a single system (Fig. 1), 
phase shifts alter the probabilities of detecting the single photon in state 1 or state 
2.  In the entangled superposition of a compound system (Fig. 2), phase shifts alter 
the probabilities of detecting the two photons in a correlated (11 or 22) versus an 
anti-correlated (12 or 21) relationship.  
 Table 1 makes this key point in more detail.  As the phase angle varies from 
0 to π, a simple superposition of states 1 and 2 varies from 100% probability of 1, 
to reduced probabilities of 1 and higher probabilities of 2, finally arriving at 0% 
probability of 1 and 100% probability of 2.  Entanglement, on the other hand, is 
about relations between states of A and states of B, not about states themselves.  At 
all values of the nonlocal phase angle φB -φA, A and B both remain in unchanging 
locally-observed 50-50 incoherent mixtures of state 1 or 2; this "local state" of A 
does not vary with phase angle, nor does the local state of B.  What varies is the 
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relationship between the local states of A and B.  That relationship varies all the 
way from 100% probability of correlation (11 or 22) to 100% probability of 
anticorrelation (21 or 12).  This is a superposition of correlations, not a 
superposition of states, because it is the probabilities of a +1 correlation or a -1 
correlation between states, rather than the probabilities of state 1 and state 2, that 
vary with phase angle. 
              
Simple superposition:       Entanglement of two sub-systems:   
φ State of photon  φB -φA State of each photon Correlation between  
    the two photons  
0 100% “1”, 0% “2”    0 50-50 “1” or “2” 100% corr, 0% anti 
π/4 71% “1”, 29% “2”    π/4 50-50 “1” or “2” 71% corr, 29% anti 
π/2 50% “1”, 50% “2”    π/2 50-50 “1” or “2” 50% corr, 50% anti 
3π/4 29% “1”, 71% “2”    3π/4 50-50 “1” or “2” 29% corr, 71% anti 
π 0% “1”, 100% “2”    π 50-50 “1” or “2” 0% corr, 100% anti  
Table 1.  In a simple superposition, the photon's state varies with phase angle.  In 
an entangled superposition, the relationship between states of the two photons 
varies, while individual states of both photons are phase-independent (or "mixed").  
 
 The theoretically predicted and experimentally verified column labeled 
"State of each photon" shows again that neither subsystem is in a superposition; 
both are in incoherent (phase-independent) local mixtures, i.e. Schrodinger's cat is 
either dead or alive, not both.  If subsystem A were in a superposition, it would 
interfere with itself as a function of φA.  But it doesn't.  It has been "decohered" by 
the entanglement, i.e. by the transfer of coherence from the superposition of states 
of A to the superposition of correlations between states of A and states of B.    
 Thus, even when one of the subsystems is macroscopic, the entangled state 
|ψ>AB is not a macroscopic superposition.  It is, instead, a "macroscopic 
correlation," a pair of coherently superposed quantum correlations in which one of 
the two sub-systems happens to be macroscopic.  Whereas it is technically quite 
challenging to create a macroscopic superposition, quantum "which-path" detectors 
routinely achieve the state |ψ>AB in which one subsystem is macroscopic.  
Although many analyses have puzzled over this state, it's not paradoxical.  
 To make this point in a more mathematical fashion, quantum physics 
predicts these probabilities for RTO's four possible single-trial correlations (Horne 
et al 1990): 
 
 P(1A and 1B) = P(2A and 2B) = 1/4 [1 + cos(φB - φA + w)]  (2a) 
 
 P(1A and 2B) = P(2A and 1B) = 1/4 [1 - cos(φB - φA + w)].  (2b) 
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The phase angle w is determined by fixed parameters of the setup in Fig. 2, namely 
the phase shifts upon reflection and transmission at beam splitters, and the fixed 
(with both phase shifters set at zero) path lengths for the two photons.  In Fig. 3,  w 
has been set to zero by an appropriate choice of origin for φB - φA.  With w=0, the 
probability that measurements of A and B yield correlated values (11 or 22) is 
 
 P(corr) = P(1A and 1B) + P(2A and 2B) = 1/2[1 + cos(φB - φA)]  (3a) 
 
while the probability of anticorrelated values (01 or 10) is 
 
 P(anti) = P(1A and 2B) + P(2A and 1B) = 1/2 [1 - cos(φB - φA)].  (3b) 
 
Thus quantum physics predicts (Horne et. al. 1990) the degree of correlation, 
defined as C = P(corr) - P(anti), to be simply cos(φB - φA), as graphed in Fig. 3 and 
in agreement with the RTO experiments.   
 It's clearly the correlations, not the states, that are interfering:  When the 
solid and dashed correlations (Fig. 2) are in phase (φB - φA = 0), these correlations 
between A and B reinforce positively to produce (P(corr)=1 while P(anti)=0).   As 
the nonlocal phase difference between the two branches increases, P(corr) 
decreases while P(anti) increases until, when φB - φA = π/2 (solid and dashed 
correlations 90-degrees out of phase), there is zero correlation between A and B.  
As the phase difference continues increasing, the correlation becomes negative and 
continues decreasing until, when the solid and dashed correlations are 180-degrees 
out of phase, A and B become perfectly anti-correlated.   
 Just as the "path 1" state is coherently (i.e. in a phase-dependent manner) 
superposed with the "path 2" state in Fig. 1, the "1A and 1B" correlation is 
coherently (i.e. in a phase-dependent manner) superposed with the "2A and 2B" 
correlation in Fig. 2.  The entanglement has shifted the coherence from states of A 
and B to correlations between states of A and B.    
 As verification that the interference locally affects neither A nor B 
individually (see the column in Table 1 labeled "State of each photon"), we 
calculate from (2) that P(1A) = P(1A, 1B) + P(1A, 2B) = 1/2, and similarly P(1A) 
= P(1B) = P(2B) = 1/2, in agreement with Table 1.  Thus the local states at A and at 
B are phase-independent.  A universal physical principle lies behind this:  Were 
phase-independence not the case, instant messages could be sent, in violation of 
special relativity.  Only the relationship--the degree of correlation--between A and 
B changes as either φA or φB change; neither A nor B change.  Thus |ψ>AB is a 
superposition neither of states of A, nor of states of B, nor of states of the 
composite system AB.  It is a nonlocal coherent superposition of correlations 
between unchanging local states of A and B.  Since it's an interference not of states 
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but only of relationships between states, neither a local observer of A nor a local 
observer of B can detect it; global data from both A and B is required to detect 
changes of correlations.  Since correlations between A and B are undetectable 
locally, nonlocality can't be used to send superluminal signals.   
 Nature's tactic is ingenious (Hobson 2017):  She must be nonlocal in order to 
preserve the coherence of each spatially extended bi-quantum, yet she must not 
violate relativistic causality.  Thus she accomplishes nonlocality entirely via 
correlations, which are not locally detectable.  This tactic lies behind the nonlocal 
spread of coherence over large spatial distances:  Nature accomplishes the 
coherence of the quantum, and of nonlocal coherent extended quantum systems 
such as atoms and bi-photons, by the coherent superposition of correlations--i.e. 
entanglement.    
 
3.  Summary and discussion 
 
 A simple superposition such as (|1>A+|2>A)/√2 (Fig. 1) is a coherent 
superposition of two states of A, while the entangled state |ψ>AB (Fig. 2 and Eq. 
(1)) is a coherent superposition of two correlations between local states of A and B.  
A quantum in a simple superposition is in two interfering states simultaneously, 
with the phase determining the probabilities of detecting one or the other state.   
Two quanta in the entangled superposition |ψ>AB remain individually in non-
interfering unchanging 50-50 local mixtures while the phase determines only the 
degree of statistical correlation between the two mixtures .  Thus |ψ>AB entails that 
the correlation |1>A|1>B (the solid line in Figure 1) is coherently superposed with 
the correlation |2>A|2>B (the dashed line in Figure 1), where the nonlocal phase 
φB-φA determines the degree of statistical correlation.  Both correlations exist 
simultaneously:  |1>A is coherently correlated with |1>B AND |2>A is coherently 
correlated with |2>B.  Theory and experiment show this to be the meaning of the 
superposition (|1>A|1>B+|2>A|2>B)/√2, implying it is a non-paradoxical 
superposition of correlations rather than the paradoxical superposition of local 
states it is generally supposed to be.  
 This clarification of the physical/mathematical meaning of entanglement 
resolves the problem of definite outcomes, also known as the paradox of 
Schrodinger's cat.  An ideal measurement of a superposed microscopic system A by 
a macroscopic detector B establishes the state |ψ>AB at perfect positive correlation, 
i.e. at zero non-local phase.   This state is equivalent to the logical conjunction "A 
is in local state |1>A if and only if B is in |1>B, AND A is in |2>A if and only if B is 
in |2>B," where AND indicates the superposition.  This conjunction is precisely 
what we desire and expect following a measurement, and not at all paradoxical.    
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 This clarification entails a new understanding of Hilbert space dyads such as 
|1>A|2>B. This dyad should not be read as "A is in state |1>A and B is in state 
|2>B."  This conclusion is not a new "interpretation" of the meaning of such dyads.  
Both quantum theory and quantum experiment drive us to the conclusion that 
|1>A|2>B means "A is in state |1>A if and only if B is in state |2>B," i.e. it means the 
two states are correlated.  The difference is crucial.   
 This analysis does not entirely elucidate quantum measurements, because 
the measurement problem comprises not only the problem of definite outcomes, 
which is solved here, but also the problem  of irreversibility, which is not solved 
here.  In terms of the present analysis, the irreversibility problem is the problem of 
explaining the transition from the definite but indeterminate outcomes predicted by 
the pure state (1) to a single macroscopically discernable mark (which is thus 
irreversible) indicating just one of those definite outcomes.  In the RTO experiment 
discussed above, this irreversible process does not occur until one photon impacts a 
detector.  This analysis studies only the entangled state (1) that exists before that 
impact.  It claims to resolve only the problem of definite outcomes, not the 
problem of irreversibility.   
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